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This paper dezsetbes an axparioental Lrestization, onrried cut

in ths Civil dngineering Labcrutu:ﬂu of the Liperial College of LJolence

and Teahnalosy, of dhe atraln datritution in » toansversely stiffened taprread
box of trapaxofdal cross seotion under toraion and bepding, The overslil
langth of the vax was 16 £%, 3 Iny ond fne wmll thioknosses ~ere surfisiont
o prevent the plating from tackliry undexr test londinaw.

The iistrivations o direct snd alwar strains zround repeasentstive
Aous seotionk spe shown graphifasllye For oouprrison .Ath existing theary,
Aryws nave been supsrirgosed atardng: the atrsine socomiing to the snglneses’
$reary of hending, the jfredt-patno twar o tacaion, =nd the sonsrsi theory
off Argyris and Igines Tho analysen hove beon node Proe the 1stter theoxy =

one w8 an Tealdvadiont Dour Yoom fube? ,nd $he other ok . Lube Ath Ydireot
Atresn X rrpin, omeeest,
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A muder of theorwtiosl Lapers have drwm attention to the
addntions of the oonventional enginesrs™ theories of bending and toraion
oamonly usel for finding the streas distribution in stressed skin tubdar
structures. These sheories are strictly spplioavle only for long xubers of
unifors arcas seotion and do not apply in the reglons of loads and restreints,
Thaaxr simpliolsy, bhowever, has mooursged tholr extension to structures
whare the prewdses arv knows to e invalid.

The maxe gemeaal theories, shloh have been presented to oonsider
the effeots of tapar and the proxiidty of lomds and restrsints, must he
Judged both by their soourror and thelr sizplioity of sppliostion to
portioular atructurns. Tha preserd irvwatl; ation haw besn desigoed to
provide information for use In sxaadnin,: the Fasis presises of the new
Sheorien, and t0 sanint i deteridrans the ranw of ussfuliness of the
oorventional thesriex,

Prototype wing teatx, sx novmally oaxried out, do not J
sulfable dats £or this purpose ¥z tne stress Wistridution In sotusl wing
struotures is nospliosted Poth By tuckling ard bty struoctursl discontinuities,
in sddition $o the oharscteristios shich it ‘3 requirsd $0 study.
Poshermere the maln purposs of fullesonle wing tests is to sstrablish the
wltimete strength of She atruct.res, and straln messuremerts hive not been
mespared {n sufflclemt dedsil for the present purpowe.

Yt ZThe mresemt igvestixstion

The pewsant inveatigstion was Iwoposed by the Struoturw Jub-.osmittes
of the Awrvesutiosl Rewsarch Coumall, who desired s detalled reoord of the
strain Alstridvtion Ln s moderately taperwd unswept box, which could be
uned, in pertioular, for an sxasdnation of the bagls ssswmgtions of the
goveral theary of fubes published by Jrgyris sl Dmwe®. The maxiam sngls
of tapar of W box was llmdtsd o xboat ten degress, owing to & remtriction
Lapoasd by x prwidss of she geera) theory.

o
"he Gorersl Theary of Crlindrioal and (onioml Tubes wndex Yorsion and
Derting Londs, by Jo Hed A=riyris ad & (¢ Daww, Jowrnrl of $ha Roy-l
Aurorsuilonl Soolety, TR7,
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A special test speciwsn vithout strusture]l disomdiruities weas
doaigned for the Sest, In ardar that it should bshave linearly with lond,
the skin thdcknesses, though large in ocorperison with norwel siroraft
Fackios, ware dhosen 86 that dDudkling would not coour under Sest loadings.
The structure has been tested under pure torsion and under ocebinstions off
t;mdxn‘ md foxmion. Tha yesudts are presemtad graphioslly st the end of

repat .

Tha ~ork wos carried out in the Civil Hginearing Laborstories
of the leparisl College of Lolente snd Teohnology, London.

1.2 Bsting thecyies

Althcugh the prodlews of firdivg the stress distribigion in tusulnr
ructures omn be formulzated in terms of tha expressions of the olasaiosl
thecry of slasticity, = thorough theoretionl anslysis hes not yot been mads
bedauso of the vyary grest diffiouities encountered in mathemationl
developoent. It sesmm probnble that nxwrdicsl solutions ocould b ohdrgned
by sooovssive appliorkions of relaxntion pwthods bt unfortunstaly thess
»ould lack generality.

In existing shaoxdes the problen hax been rrodersd tractabla by
angucghions shich sliglify the slastic propartiea of ths conatruction metori L
and prwsarits the rodes in shich defcarzmtion xay be corsidered.

1% ix » fundesentsl nemwytion of the convedtional beau Sheory
inat the distributions of direet streins over orvass sections are ldnenr.
+A%h Shis asswgtior. the basiv problen. s to determdne the deflection of o
e Jdning the oertroldal axen of cross section) one does not then have
to cormider the sleaatic deform:tion of the three-dirmmnional structurve
In the Bredt-Batha theory of torsion, it is presussd that o purely torsional
of load ot any arows section is dimaiyastad ax 5 ocopatart shear traction
shich acts $angertially wcound the periseter, ..ith hoth thesn sssusptions it
has heon Cound poasidle tc cnloulate atrwas diatributions frou Hookss Low
Apd the squilitriu o uations of atntions:

1% L= reonsdle to prwsu e o $he . xdnaiple of LHaint Jenant
that at regions retcts {row Jonds, restraimts, and discortinuities, the
riress detritutions of the gsonvertlonal theary appronch the sofunl stress
distridutionss Unfortunstely in rirorcft structures the napsct retiv of
ocomponants 48 often low and it Is mcldon poareitlu to apply Ssint Yenmant's
Prinoiple with any real Xstifiostion. As the highest stresses usually
ooour in the region of losded i restrwinet seions, the convertional .
o slemswtkory thearies are ofSen not suffioclemtly noourste, |

In revevR ywars theories have appecred shioh sllow o obe genersl
wnde of dsfomwtion under lood than is purvdtted by the souvertional {
theories: Mimpts have besn unde L0 oouputs skin stressse shioh sotisfy

onn be imtrodwoed by ssowing ero transverse diroot styees wod strein in ‘
the sikine As & resuld only e sqmtion far the suilibriwm of xa slepent

off the 1sturisl nead be comsidered, Fru: such a2 Jrwsise, ond by ssmudng

an jdealismd gemwirionl form, Argyris ad Das:s hawe svolved thelr geparsl

Sheary of tubse under torsion sed berdirng losda. ]

2. 3geme of the Livestisetin

The ok Jects cof tha inesatig-tion hvve been to Tind Yhe »irain
Astridation in & acder-tely topared, tronevarsely sXiffened, thin-alled
daolmdn box under tarsicn ol bendisg, 0l tc glvw 3 oomgparison with the
strodns o Lowlated by the oomwwntion -l scgineaa’ theoriss rnd the gonerad
Wewy of JaxyTis ad mwe,
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Flots 1 and Figet siow the box hioh wax bullt to fulfil, as
slosaly se poseible, tha assurgtions of the ,rgyris aod Dunne theory, The
Rox wes apratrioal shout 1t cetral traneverse plane as in an seroplane
ang) to nasure ooplate axinl sorstreint ot the sentral oross »sotion under
sy setrionl loadings, "nd t3 afford the possitility of cheok reasurerents
In the seoord hall of the strusture,

The box wos tested fn bendirg, in pure toewion, and in hending
Plus torsion. The 1ords were spplicd sacoessively st tha tipe snd at ¢the
third points bed.een tha tip ond oot sections, snd were resoted at the
et rsl oxoss seotlor.

Matratations of dirwet spd shesr strains were psnsured nroand
reprportitive aross sections, Ath the use of cleotric resistance strain
govicen TAtted ox in Pigehs The pespurenents hove beern plotted in a standsxd
far1: wiing the perizwter of orves seotion a8 & Lase, and theorstioal atrsins
have bean superiupossd in order to give s plotorial couperison of results.
i spnlyses hove been onde froc the rgyris nnd Dune thaory = oné s on
Tequivalent fodr bod: tube’ and the othex ng & tube \dth 'direct atress
oapryirg oorerst,

The onofows of © Ltest bux L discusssd In lwrt 3, snd & desoription
of it L% given in Pwet Lo The test o wd Joading rig sre dascribed
in Myt 5, the sxpmrbant ) teonnique in inct 4, the strain messurenents
in Bt 7, nd the aelytionl trentoert An Inct f. A brief nonennthenationd
reviw. of the .rgyris snd lunne theory S& pdven In Sppondix 1X.

J»  Lhojos of » Test Box

It ix ovenon A the Joeion of alxorndt stowctures 0 assuos thot
Whin ploAing oon only resist sheox atremases. Jortiona of ths plating whioh
Wil othersAse hevo ouried direvt strwases nay then be Ulotted o boows
snd mdringws on tnc baaks of an effestive 4dth theary, In osses herwe
$his predss 1y cocepiod the theery of Lopyris ond Dome Cinds its sioplest
rppliantion, Phe aceput tior is toler Ll onpy for tubes hoving froo four
ta alx hoors, thoush St wn Eeosw prohdl itise ckm the Booim a0 nuosroul,

Though Suat ar oapplic tion nf the thoory .ay e of greater
mactioal Lpartanos thon the ;e gonor-1 treatoent, wnd the departures
fron almertnry tisary dus to shenr Ly 1 othor effects san be emoh
greater hen lorngitadin-l stirfening s jxesent, it .-& considersd undesir:hle
o Wy suoh © box far the prosert jeoject, Por exugle, the preosmt
~rbitenry loo-~tion of pl-te uw o Lo boxs nnd stringers oould levd to
1wge srrors I the plote e thiok: Howwver Lr the wnlls e sufflofently
thin for thelr influsnce on the direot stress distritation to ke ~porrently
lemipnifioomt, Shey would surely buokley this would nruse the box %o
bebowe por-linenrly snd would splliorte $he sxpecioent 1 ~polysis unduly.

dls Mo prootionl sonsider-tionx of oosputrtion wooording to
the Argyris ond Danes theory, It uould hovs been vorvsrfent €o test - fowr
boousd Sabe with vyary thin walls, for the foregoing rscson this wis not done,
Purtharors, the prwidse of the sherr~stresssdirect-stres rilooatiorn noted
sbove, would imrodate an sasmgpiion \hiah As not fundosmrtsl t0 the genwen]
theary, but hes uaxrely bawn lotroduoed for ocewenience in oouputing
prtioulg noses. lothaotisolly She saswghion L5 sguivaleet Yo replecing
~ cormtinuous finotion by & muder of discrete steps zod, unless tha
Individncl steps wers mnll ol sufficiently sasrows, this could fntroduce
Apymecisble sriar. 2
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mod troneversaly supposted walls sufficlently thick
not to Mﬁ mc.r anglos; this wos oonsidered tc te the
best of the ut wich oould he corveniontly constructeds. The

chosen teper wes the Mcat to Whidoh it ws considsrod the theory coulsd
te reasonsbly spplied for the prposs of the proscnt investigciion. The
ovaroll size vos determined from comsider:tions of topsr, oonriructional
Uuits, wricwnship, size of svailadle strvin gaouges, ord the ;dnlias
mmamwmmuw;gmuto

be fitted on the insids of the box after three sidss had been nssemblod viih
the fomrth left off for soosas. mtmmox‘thnpmw was chosen

80 that its aritical duckling stresses would b cpprecisbly liicher than

the woxing stresses, and any inttial deflections of tho plu*&m would be
vory smll mmm of the platc thickmoss.

he  DeerAption of Fost ox

Tho test structure was s box girder of trapesoids)l cross sootion
having a mth of 16 fte 3 in. and pode of M,E10 B duralizdn. It wos
nm\nn sbout its ocentral cross section and tapered linearly f-~ards
sach ¢ st the longitudinal generntors of the surfnos net in cowxon
toints beymd the ends of tho box. The box ia showun in Plnic 1, and veriou:
astalls of the internsl oonstruotion are shown iu Plates 2 = ke

At the centre of the structure o heavy, rdld steel, box ocuponent
¢ ving reinforoed heles, as dullS inside the skin to j<ridt socess to
sterin gouges on the inner surfooo ot the root. This stcol structure hod
Lhros parallsl dispdongss, so showm in Ploto 2, Because of ita high
rigidity, tho aross sasotions whilch arc alongside the ovtor diaphrogms and
vontain the outer rows of rivets ware rugarded as oxioclly constinincd
'root aross sections' of the outboard partions of the btoxs Acosds to the
inaids wns posmible through holes in tho oovering betwe:n the inner aond
an outer disphregn, md An the outer diaphrogu.

At she tipe and »t the third-points botween Lip and root, wild
stool dinphrngre wore fittod for dispersinrg the applicd londs into tho
structuru. Thena lowling diaphromms ray be seon in Plotws 2 ond L, ond
cye=balts wudch sareved Anto thoen through holes in the over, are shown in
1lates 1 sl he Tho trenaverse shape of tho box woo nuintained by duralusdn
Uaplzege, zpvoed of wmiforu irdervaln nlong the lengti. of the structure:
thuge were parsllel to tho 'root orous sectiona' snd als: tho central
cross seation

“he oemtre line of the rwer spar us A stradght line from tip to &l
«7 the hax, and the tip aross ssotions vero L.ll wey betweon tapor points end
8 croas seotione. The prinocipdl dimensions of ths structuwre are given
valow spd tn Figets

oAl




Overslil length 1h fte 3 in.
Diatanow bet: eon root oross sections 15 in.
Hstanos from roct to $ip oes sections 90 sne
spacing bdetueen loading dlsphrroms X in.
Bpaoing between stabilining disiucagms & in.
Datanion between phars st root ¥ in.
Dupah of front spar st rook 12 sn
Dezfb of neax spaxr st oot 8 ine
Antmos batwsen spacs ot tip 1% i
Thicknesy of vovers 0190 Sne
Thiocknesa cf spars 0,457 ine.
nickness of b of atabilizing diapirams 0,00 in,
Thiokpuss of webs of loading disghregom ¥B in,
Tnickness of plating of owntrsl stiffening

pEruckuew %* ine

The spar st platos sere flanged sutverds at thelr wiges and
wers Joined £0 the oovers by steal rivets (.Iate L). The length of leg of
tha Tocwner sngles?, ro forwnd, wa Kept ss saall as yesctfostle, By
sultablr selecting vivet sixes and pitohes the log length wes sllowed ¢0
tapar Sousrds the tip in approximatoly the same pamnmex o the rest off the
boxe The riveting st the corper sngles san b sesn in Plats 4,

In ordar that the ilsphrasse should of for the miniman of restosint
$0 Arping undes ioad, the attachmert anglas of the atabilizing dlaphrapm
& the flargen of the losading Alsphragms mre siotted at intervals aroud
Ahair parimetsrs, ~» ahox In Flgele Tn inoreass the rotational restraint
of she diaphrogms sgainat busuling of the povars, the legs of tha Alsphrage
astsanmert anglss were propped from the st otif feners sz shoser in idlate 3.

The oentrsl stiffening structuxs and She losding ddsphreaps were
wnlded il stesl plates md the surfsoss in ocnfeck with the akin were
nashined Yo a Sclarapoe of Q012 ine 1dght alloy oswkirgs -ould have beex
too soatly md slnmilar omporents of riveted construction would have been
too umbarans, It in protsble Akt Swparsture stressss wes introdoosd
ty the differing tharmsl ooufriciwts of sxpersion of stesl and durslusdn
bt Shis wves cooepted ss of little oonsuquence, sinoe the steuoture dahaved
Umsarly wish losd nd syeles of strain ceadinge mre faken ander jrasticslily
sonat k. Seuparstures.

The iset londs wers Traniitisc to thes strusture by high tenaila
Moeel nye-bolts, hlah ey sorw.ed into blogks of mdld ateel welded {n Line
Ath 1ha sbas of tha losding dispiwagme, o8 sho i in Pistw 2, The applied
losda wwre tremafesred frou the blodks imto the Alsprsgs “eba and then
disparead woumnd thy pariastars. Onl- ssell distartion Athin the plenw of
aross saction should hrve ocoourywi #% the losding disptxsis, sk the shew
rigidity of the steel obs s equivelant to that of darsladr one inoh
shiak.
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T0 dearesss the influsrios 5 the sooess holes apon tha stress
dimtribution nearby, stiffsning strips werc veldsd sround the periphery
of the holss on the instde of the vent:al steel stiucture, snd then Jdned
$o the oemtral dlaphrwge »0 thet the xtraps in effeot bounded esoh nd Jomnt
paldr of holesse In addition the sentral stesl structurw wex msde of
half~inoh plate snd 50 was very atiff in oosgerison with the rest of the
boxe The half=inoh ateel plate ani durslwdn eoveriny hsd x sosbined
rigidity squivalent to durslumsin %o in. thiok., Thowe precrutions ersured
that ths aoosss holex had o nepligicle inflyence on the stress dlstributions
a% she roct arosa ssctions.

To Limit the possibility of rivet sliy -t the root aross ssotion,
the sovexrs snd spors e pods of oontinuous aheets from $ip to tip of the
box, md saditional sxternsi gover plites vere fitted over the region of
tha sertral stirfening structurs. The front apnr of the box was fitted
laste 3olia rivets vers wsed for 11 -onmections e<vept -t the Jaotions
of Whe disphxegme nd the ront spar yhare hollo. Chivurt rivets were used.
The dedigr and oorstyuction of the test box re ulred the gresteat care md
$hanks nrw due o the Palrey ivistion Cospary, who aade the box, for
nalit irdng » high atondard off micamship throughouts

bv  loodig Apxaretup

N s prelininary .o the Lovostistion, 1% iox ntocssnry to build
. ap-os {rame frr iosding the dox. Though the frwoe and loading: apporatus
Liave teen mode of 1 sixe and capasity oobvenient ror the jresst teat, thoy
were dnsipred for generel use iv atroctursl teating and nond remafn o 8
part of the permanert loborstory oudpewnt, The teat frams car to used for
spplyirg up to four tenail  losds of (. tine onch, in wertiesl or trensversely
napkzontsl Alreotinng, anptarn LEtiar v oapsar of 22 w 9%« 95 £, In
wddition, one airnsle tarasfle 5% tor lo-3, ar fiv arthegsnid or $ws torsicrally
oppotiad teratle loads of up to 50 $ohs wnnh, b te rrasted i the centrsl
transrarse plane 4 the atructure,

A uny be Moo in Plate ) tho space frase consists of four parallsl
and yertioel rort: 1 {rv ks, hich are aot -% richt angles to thoir cossson
longitudli ]l axis aei ther troced tooethrrs The tracin in oarried externslly
or. owtrigoorw mg thot At Lall be clowr of the lordadng nppratuss. Tha
labarstary 1o L3 of tlater on steel faty 2 ve & basement, ani s11 1ive
loadings hd Sharefor %5 Be - L3litr-ted witnly the {rames

woads are applicl by edreadl e cotp oting Foki Ui itiod on Moaim
ppaning Irom on outer to an lnncy Ynmes The Inoks oan bo mowed along the
beamn, and the tvepe osn to moved wruvund the perimster of the partel framex,
as regalreds At grownd level thare 4 » sontrol panel with an arrsy of
needls valves far oparastins the Jeoks, sithor Lndividuslly or oollestivilys
Neamreanta of load are il with statineters and n proving ringj the
latter 1s also usod o recnlibrate the at-tlwtops at intarvals during
tevtas IV 1s estinted that the loads in the mrosent investipstion were
seaswred WAANR M owror of 20, o 45C 1 -kl ever sea the groster.

The Ssst box Una suppartad st ita owntre by Four atesl atraps
lying iu the oentril Sranaverse plane of the strusture. So that the
gdrder ocould be fres 3o Teec swu' sbouk i%s vertyw, tho strades -are pin
Jolmted th wirersal Mnka olose to the ~ixiar. Under » yery liht pah
the tip owald ve woved u aed doum b0 2 0 ) in,

Tw linkags Do op lying the et loadinz ic shoun diagrseatioslly
In Flged sd ny be sewn Ln deall in Ahe variogs photogr:phs, It vap mede
dadrly of hish tenssls steel wnd has the ssse load oepeoity ss tiw teet frooc,
for subsequert jerefel use, The lirasge a8 coutertalaroed me that §ta doad
elght wp el spplied 30 the tast tox, sl mo tiat the forots et the wesparin:
Anstrasrts ars cither s ol 15 Ahe applied Tosb, o » Tixel matic 27 thes,
snd did POt requirs serve ogtteat) e a,
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he dox -ap losded syupetrioally, st x crcss seotion on sson side
of the traneverse oentre plane, b racoes statlionlly aquiralent to &
vertioal shear @i » ¢ isting wcxmrt ic plrnes of nrypliostion parsilel to
tha oot oross sestions. The corpinsd ootponents of load were rescted st
the otmtre by the four styrps supporting the “irder. As the straps oould
anly resist fonsion four of thetr o't NeCsEssYyY,

Tha rpplivd losdin, Lo shovn in the dper di-graw of ¥ig.d and
the linkoga ohomen %o obtoin It Lo the Jower A womie 1 5 symetriosl
arxergemmnt of Joks Led beon uned, soting ae in the uppea: disgrme, then
the shens cogorent of lond, P, udd hrve had to be found fron the
ALf{arence in resdings of tas meraaring inotrsents for the yaad and
do e losda, The [exocrtope sy In IF 4t then haws been ok
hizhex than the srror in ¥ or » « L7, partioular)l; hen 42 wws spall.

3ino the ooxporent of lovd V¥ prodaoed the bendling strains st

the rout, At A neowssny; to knoe itx valus cAthin the wmm peroentage
srrae am the land F.  Tnds a8 possidle . fth the linksze mrrsngerent
iopod an AR e oamssared dirotlss  Aurthes the orthogonel aesuguont
off Taroen sosawd th & the losds applimd B the % o horfzontsl Jacks .ere
oqual, ad, wxocpt oy of fvets oF elrativ defoie tion o0 the tox snd tust
Irney e aneSfoobed by all st vertiod 1oveents of thu tost struoture,
This & ¢ et -dvonte o, ns the 1oke cpartod nt four separ o pressuxvs
in ordor thit the - tio o lode could bte changel at the omtrol pahul.
han 4 Jwting the lo.ds auly three of the ks noeded to bo opuratods
After o Mttla precticy wioh iratrwent oould be wd Mated for fall Josd
in abowk 45 anoe

fo  puommaent of ote ins

b Pl palatong. ater it owed ooy ttroned croansd i root
sroas seotions on suAl slden o8 tho guntrel stit¥ening struvture ond nd five
s Mkt ion-1 cxvius mwctlons fn orve LI oF the toxe Two of these are loonted
on elthor side of the innertost Lo-din, ddrgeecr. ond 4he vurdning: thoee
sertrolly in tis throe npaoem Fet. e thy Lordin: diaphr L and the root
Hons ANt liie

who logetlon opeb adetPidatlon 30 uocp 14 shown N OSp ok

steodard sir lo elevamt o woes {Cineles T ne oo, 100 ohin TN dne goauge
lensth) yare wsnd, & Yoawtie airain ;cw o8 e hot rwsilable, They vere
4 aahind in ;«ttmna 907 o3 ¥adlnel rr tioilned gragom, $0 ouasue
lLinesl mtrnins s,ong rnd b A% Jo rwes %o the penerstors respeotively,
Gauges ware pil owd, 1&h the aiie arjentrtion,. on hoth the inner and
ot e suarisces of tha pl Yim,, nd fhe diateirutions were aytswmiriosll;
diaposed nbout the oontrws of the sides of cxves mectlions Befors

AY dilng Lom poamgos popur dapl tux with roatrn ulse holas cut in the
deslred potiorme ware gleel on thu inper -nd onter warfocoa of the plating.
tThe twgpl-tes varc loonksd from 4/1% in. holos drilled through the pl-ting
*% She saxls of oxoes seotion sldos, 14 the grycen wvers -lumd . ft5hin the
rouieg: Loa a uny te mown fn Flfen 3 ond he

wt - parmwnits of Wir-in mrw tods im0 D l&wEinvouth oxk,

¢ W7 channel sa-amr recorder, rooodin; | palocll on alroular ohartise
F o taowsand Aty In oo ugeE ol amd, Xl In aroww of forty. Kot
group w8 A to - plag of o Ligeoviaed oty poimd arowr waifol, the
o of dloh o connuet.ud pafacnumtly to fart:- o rncls of the rwoordars
M Interchonging the pluss whdah fitted in tim b- Ly §oatloulsr Jome of

nmm.:d nlutud for reoding. The looding oyoles
had 30 de npu-ted rwmh witil r11 dealred (ns s wTte M
recorded. The WY -ogwmt l sho.r in “hote 7,
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1% o Lmundod $0 ruduos the Labour of fxero bulanoing' the
£ WL IvRkniinoss WAX to mvaswramstt, by uwsing pouges with only & 2ol
tolarrnoe of 2 (uZ ous on thalr nadrcl realstonoe of 100 ohus, and 2dso
B using only speolslly selected cruges of 100,00 oluw 8z duados,
Unfordun-tely, affur nll gruges warw fixed and the aixing o8 oaplated
the resist nos Solarsnos wos found to be about 2 0.6 olus vhioh woa too
Lags for the pecmring Lnatrsert.

An AtwgA ws then v, by soldering shoxt lengths of rostatance ‘
wire in sarios 4Ath osch gouge, o ad et sll pouges plus thelr padirs of !
wires to within £ 0.05 otws of 5 noednal restatmoe of 101 ohuse Had this
boen suooassful the Labour of ctirining resdings would hiovae been spproxiartely
holved, sipos xrexro balenoing would not have been necessnry, ss a1l resdings
wald hrvs been ASkin the scale of the reoarder charts. It wes not fully
achieved, but & grest Lgmovewnt win pade and poet gouges ware finally
Athin X 0,2 ohgx  and rf least halfl werw Athin D1 ohitte

A nalibration bon es wsed tu cheaok the resding of the recorder
snd the pebiaviowr of ssple gsuged. Mo adioumnce <3 pade for latural
sensitivity of the gauges, bolisved to be about 2 of the lst stredne.
The atroing wer'e peepured Within sn estluaded worae of 1.5 x 1072

AN p visunl sid in resiing the strains widch had been rusonded
Zophdoe My on $iw afxroular oharts of the Heldsdn instrissnt, s turntrdle Javiee
ok iwde hovling « woele Of strsin powded on » gusdesnt ars.  This méy by
soer. Bligtly rizht of cmtee In PL te 9 The quadrart pivotoed sbout the
smw celativs point sk the pen ne of the owoorder. Er rotsting it untid
the zexro of ftx sosle colnolded -ith the ' seline’ resding .mde at xero
lood, the sic-le dould be rond dixectly, Athout the inconvenienoe of
rant 1l subtencting sliohd mrors of the xuro awtting.

he tent repults axe COrat plotte] ot praphs s shoun in
Fipne 51, shich for converjende Bod Sun pricted for' enoh axonk seoction
~Ath the ordd lines nnd gnugn ardert:tions shoh on thu pepers Curves wvars
e Ahrowgh the $eat roaulda for slidl xly ariontotod zrugon, bean yoloow \
oelry, taker for inner and outer ~wus. The rosults s thon replotted
on grepha shoving the 1ull arons suotions oxirl direct streine ece plotted
diredtly; mshear atradng were plottol Iog. the vortiondl intorospts bat.sen
the auxver £ fnclinod [auges,

7 Rpaipental streing

The tent structurs s lorded . 3th -onosertr-foed Coross appliod ]
at tw tips and vt the thind points prtuween tip and root seotions, Yhe

farosa mre szrmtrioslly dispoas. stout the oentral aross ssotion of the

bax snd lsy in plapen parcllel to the root aross seotions The: s

trnomdited S0 0w tox thxough the credolts Indid-ted In Fizet wnd showm i
in Mote 1, Conditions of losding renged fra, yertiool shears which

mainly produosd bending, Shoroug’. ombined shecr snd torsion, o purw torsiorn

Strajns re asasawd st sections I t0 ¥ of Figde The )
rvaalts are shown grephloally In Pigs. 5 to 54  For convanianoe these have
b sho.p An s tendard o, using the puripstar of ceosa sovtiors su
s Bhate The loadipgs, :wapurwowr®t pections, 2nd sorresponding ffgurw
mypbears of results xrw given in Tabls 1, ’
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Losgines ot oross puction o/ of distapoc fro: tip %o root

pm.&-uuuw‘-u.rhunw. S L o o 0 g A S A g A A e S O e g oy
s traured st “hp in

o dod "o A g, S A DK P T U U e A 40 A - 0 g, T ok iy
20,000 1b front sye=bolt |1, /., F, L. 5, 10, 12, 1
15,000 1k ’ i L 1%
20,500 1b Toar eyv-bolt |, he b, Ce 9, 11, 13, 15
15,000 b * = o 17
8,125 1b one ahord out

. fron resr sjax {4, b, Co Dy 31, 39, b1, 42

‘w,@ ib in. (M tm) L' C' D 56; w, L2

g Wt S0 1 s . N O o U IO . T SO G T Y o M e Y O o 0 W e -

josding st oyoss section 4/5 off Aiatanoe rirou tip to root

R o M 3k AR SRR S I A A O TN A S e SO SO S S A Oty Ny Sl el W e S gl e G A s I W Y g B S S S 0t T P i
by Fersured ot Sho.p in
Losd, e applied motion rizure
ababat KL L B X L L L L] un{pn-» - . <a~u-n-h-a-¢q AT e T = e g . r“nunnn--mﬁbmwdun1
10,000 b front eys-bolt 1, ., %, 7, D, 18, 20, «2, o,
" 26, «8
10,000 1 resx sys=tol¥ i, ., B, 6, D, | 19, 21, 5, o5,
4:! 27’ 139
74000 1t one chord out
[¥ 3¢ T v Tt o DPAX‘ 'y h‘ :'q‘ Lb’ L?’ ‘}9
300,000 16 ine {adrs tarpue) o, b, oo Lk, KRG, LH
R T g o B S E 9 P R T i 0 W o S S o vL kd m-aﬁﬂﬂﬁﬂjb

Lesdpg st tii aross socti.r

A A Qo S 0 A W o WA A T W e W N g A A o e
i nuend rt ~hnn in
Lama here rpylira ettt fisure
E A S Wiy v e W I N 0 L g Y O o ey A = A T W e o A e r - - -
666 1 frot sye=bolt fi, ¥ (~, %, ¥} | %, 32, zy‘g
6666 1b rear sqa-bolt f., oA, t.,, g ff 31, 33, (%5
A iy gt W A s M g DR g e T - -

Tha sxparlisntal rssults fur the box loosded  winoipally inshesr,
Shat $s by a sirmls vertical foroe spplisd Airectly to m sys-bold on saoh
slde of the omtirel aross seotion, mye sbinined bafore ine lintage for
tareionsl losdings had Deer conetructed, It oan ba seen Do thase thnst
imepurernts vade o} sections 3 spd . under the xas loading
oonditions agreed very alosaly. The areenent s saown by ogerissn of
Pigs. B apd 10, of 9 snd 11, of V£ andd 20, and of 13 and LY, a8 el thot
Al van not .eatad in Iater tests in t-king resdisgs or both sides of tha
serir-1 aross seofior of the box,
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A B ald in occparing results, the bending losds of 6566,
10,000 and 20,000 1b Jioh were :;plied st the respective losding sections,
hud bewn chosen to produce the satx bending meent, of £00,000 14 in. at
tha rook aross section. The .axiswi sixvss sorreeponding to this nonent
wtis BAO0 pesois (nocording o sleuentary theory) snd wes sparscistly less
than the aritiosl oograsaive stress of the oover plating due to the bending
of the box (a% lesst 9000 posei. oalozisted on the sasumgption that the
Adrphragos gavs only sirgle support to $he covers!.

IV uay bo of intexwat o note that, though the oonstruction wea
vary good and naxims: Initisl deflsctions of the plating only about X of
its Ahicdnens, » meber of the strein Jruge rosults indlonted that alight
bucklirg coourrsd in soum plaoss at wll delow the ariticsi stress, The
"puckding’ wes notived tost of all st seotion B when the 6666 1b 1pads wure
spplisd »% the tip. Diad deflsotion gouges showed it %o be kO x 10™ in,
bekwen Alaphersgas, o 26 of pliia thicknoess, snd $o have Anoreasod
sppaoairetely Mneerly with losd,

Apsxd foou the slight disorspency Ln swrefoos strains, the box
batuyod Linesrly with losd. To haly confir this the reosults shown (n
Phgedt wore predioted by swperliposing oo pormts found by taking the
required freotiops of L8 10 ol 141 in ordar that the osorbinad londings
ould be sstionlly squivoalent to the lordiny of Pige5te The pradiction,
shoun in Fg.50, ix ressonebly olose.

On oagpletion of the tests it s found that of the 1065 eleotrio
raalatonoe stroin gouges fitted to the bese only 21 ware defoative banuuse
of openn cironits o large spparent xerc drifting. Most of tho dafective
Fouges e on the ineide of the bax and had been diewyred initislly during
asambly of she fourth side. It is perhops rerarknble that of the (0%
renaining serviosble gauges, cmasursants fron only one hove besn ignored
in plokting the resultsa. This gouge "wr Joa-ted inwide the box on o
oesr it Seotion B, md commistentl g-ve high rendings under load, even
though serc reedings mre reportablc. The readings frou the sorrssponding
gouge on the outar MATEM reroecd *1%h the trond of rosults fron od poent
gsoges on bokh sldes of the plnting.

f¢  Coputed Streine

SErakns hove beor aooputel both b torvonkionid clementary
Sheories ~od by the conarsl Rlox) of Spris apd Dunne.  They have been
PLALd on Ehe B . rajha am $ho mxpertoont L resulta, to give s
Motarial ocorperiscnt et xon throry atsl oxperiant. Tho sethod of plotting
VAL be underatood b, sefsronoe 20 the S1oures.

WO abtmygR hos boen unde to ottalr ‘experfient. 1’ stresses froo
sl atralne, 32 18 s considaren utre fundooasntal mnd sfrgpler te ocipare
imasrstamia and oot et fons W. It ey, howevar, be of Imtacest
%o pote that » strnin of A x 10™ in durelwdn 48 cquiv:lent to o
unldirectional atress of MOOpessis (147 tona par S3sin.) o a sheor
mirosn of 13040 pasele (0,69 tore pea sgeinas e

A Bricl record of the cogatetions is given in Appemdiix I« Twx
spalrees hove been smde weing the genaral theary of argyris nod Dumne =~ one
iresting the dox as an ‘egalvalert four booss tuba®, and 31 iy . Ttubs!
with dlawot strese omrrying covare',

Stralm &rived fra: the foruar snalyeis me shown o odl Alagraw
of resalis. fhere the oorxwolion styssses arw t00 mell
ourver my be omfueir;, the rosults have been tobulsted slongside sooh greph.
Strsdrs fro: the latier snelysis bove bosr shoun only azninet the results for
tarsion, snd sach ofbar resulta vhare they ripecx 0 ba aignificat. They
are gdven Fally an Saele ¢ for all lomdirgs clome 3 $he root oross section.

9/




AR s s e

- A2 -

9. Rexpsion of Resylts
RN XY

As aroes seoctions of 4he box have s nopizomtal axis of avmetry,
the distridbtions of thearwticsl strsin ir the wpper mnd lower hslves are
sypwetrical in magnitude, DBecause of thy aign oonwvertion sdopted in
rlotting, thw shear streine ars of like sign snd the dirwct strains of
cpponite sign. Inepection off the grophs sho.s olose sgreeswnt betuoen the
sxperinwntel results for top and bottam soverg and for the uppsr and lower
hﬁn of the spex 'sebs. This confires that the struining ves linear
wAth Yoed,

An exoepiion to this pyrxwtrioal dehavicur is shown by the direct

strain in the font spar wob At Seotion C for Josdings of Figs, ik and &0,
The devistion, whioh i oheoked hr repsating the ressureonts, Ss not

ocoreidered tc ha due €o :dabshaviour of the elsctric strsdn gauges on the
b wt that section, ns tha results shown in Pigs. 3. and 25 wre astisfactory,
i3 say be osused by rivet »lip o defauwetion in the of the
loadad section, sinoe the froot spar wes fitted last and 'wllo. Chobert
riveds had to be used to sttaoh it 0 the intermal disphragre, Sush
behaviour does not coour at Sevtion 4, shere it svax posaidble to use
Kolid rivwts on all four sides of the root oroes secxion, bedsuse of the
raxizdty of the saosss holes.

In general she experirsrdrl resuaita lie along oontinucus sarves
and relatively sowll Individun) sostter in apparant, and it ey be inforred
that the rwsalss wrw & fsithiul ywoard off the atraining of tha bhox,

~ geriral trend of $he wxperinental results foc fahear! loadinns
shoum In Pigs, B=31 18 that the .gnitudes of ahear strain in the covers
wew glvert by Lines of rwwerse oaveturs, whigoss Mnos of single owrvature
are pesdiotsd by the olaiontary thoories. The dinix slops of the
expecientsl lines ccours »t about the centrr ot the covers, where it is
sbout half that of the rlerertapy thoorfea, T2 ¥lope tends to remsin
omatant over 2 cortrs] bend arodt falf the sAdbn of the sovers, snd then
X3 inoresas touaris thr aorners of 48 poctions.. This is partioularly
wridert fox loadines close = 4nr rorty & oy also be seen fron the
araphe, the effect 7 .lterin, the tommtens] srponent of the 'ahear! losdfing
is to Alaplaoe the ourve >F shesr x.rair Irx. thne tasse 1ine by amatant
inarer oty ,

IS pay sppoar fron Flge, © rnd *0, that the lines of oxperinentsl
ahdiar sixsin shown in the frort sy are Dore sharply ourved than is
sonsistent Ath the large rats of ahange of dixeot stralrs with depth
of tha spax web,

Lexge apgrwolztlo devi-tion fya: Linesrity of llrwd strein over
aross xechiors of the ocoveras in evidm for lo.ding vloas to the rotts
At moogions F ond A of Plgs. 517 a large deorwase in dlrect strsin
A8 reooded nosr the centyw of the aovers, xhilst st swction C and D
of Pizae fL 30 17 thare var & lapge insyease, S 404 oihir Lwo swcijions
vars loaded Nevistiona fror Linearity wers very mrtl.r reduced.

The sperdimctsl shaar strclus for pute tarsion tend €0 reasin
coratart ir saoh wall of the tax, This is partioularly evidert in the
reaulls for ssctione 8§ snd K of Plose M and L4, here the Alstritsion
of MArain 1n very sligles. Grester devistions fron wiiloewdty of shear
strain have besn found for tarsional losdings applied raarwr the root,

e/
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The ‘tarsior bending' direot strwine, widoch heve developed forr

the pure sorque loadings, appear o be sall squdliorstings They are
of arizipetsd slen od are Ierger for the losding nearer the root.

Tha results for ahear pius tarqus show chareotoristios of esoh
Toading «

9.2 Zlagegtary theorive

H?- 22y AT apd LE have beon obtained for Section B shon
loadings of "shear:, torque plus shear, ard pure tovgue respectively

ware spplisd at r = 1200, deotion B wms ressonably rete fron losde
ayd restrsinks, and exsnirstion of the results shiovs that the slenentary
theaty his yary good scoursoy for each of the three losdings. Because of
the statical s -mlvelenae sf theoretion)l and trus strosses, it sen be seen
that the shears, nooerdts, and tarquss correspording to the expericentslly
tmagared wtraing st have boen in oquilibtriun with the applled iosds.

Henos the axperinemts]l teohrigus wes satisfsctory, and $he values of direot

snd shear podali of slastiolty found initislly from tests of spsoioine of
the setarial, wd whioh vere used in vappatation, recained repesentative
S8 ha Fabrioatod stouoturn .

A Smdailed congarizon of theary snd sxperitmnt sy be usic by
studying the [lgures,

I8 Ax interosting to note whers the . axiiarn expociiental shewr
strainn Affer apprwcistly fron the snxliax atreadns of the eleantary
thoariess In Thols 7 ths differonces, axpronEsd az u parountngy of thu
theoretioal vulacn, have baen Jiated uhare thoss axdeed 5 pox oente o8
the dirsct atraine duwe £ tarque have o alaentacy theoreticsl valuoe
thay have hown listed, Snstownd, s Jorsomtages of the algle thoary shesr
wirzinge IF Pigeds the cxperiiental shenr atrsin is irtaicx Matu batiesn
i olmwntary and peneral thearctiosl w-lusa, hilat Lr Pigs. L0 and b2
the gemenl and oxparkanial vilava e ir 2lose oreasnt,. Thiz s of
Lgortaoe na She grastoat deviationg, N foxr jpare tuesion and 217 Lo
torslon plos tandirg, have beer fourd LigwUstely drkonrd of the loading
sogtlion ot r oa 1hY,

Ttle ¥
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Aftor the aln Loats vors capletod tw fnolined gauges, whioch
1Ay be poen ot the por left hand ournar of Thota ¥, wwrs Fived on the
outer surfaoe of the rear spar wet Lzwdiatsly {rboard of the lomaing seotion
W oroe 120", s large devistions can be cxpeoted Luadistely intosrd o
inner losding sectiorss The resdinge ot theae tio gmges indicated
devistions of sbout «33 ir shear mtrain for $he torsional lnsding,

¢ lheexy of NAxr)s spd Dgme

The oaxgpatation for an 'equivalert four boo. tubs® s intended
Lo give a flret spproxicstion to oatgonerts of the self-squilitrating strssaas
dus Lo torsianal cagonerts of loade In thia trestimrt the distribution of
direct stress in sanh wall 15 fxemasd 30 b lirewr and shoar lag and relatod
sffects aie Lpnared, The oapeatior far » tuie with "dreot stress oarrylrng
corers', hoorar, las bean intended to glva the self-apullibrsding strosws
for bcAh tewsional and shwar cxgponerts of lomd,

Procy
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Fron tha results It car Ue scor that lotn ireatueeda have glven
3 falr sebirmte of the stressed duc Yo torsiona) loasdings, but the secom
iewat:ent han not irterpretid tho 'lazwirg' of tmaswred pirsine under shesr
losdings, 3% nay tu swen frau Totle - o nnlytioe)l results fra: the ssoond
trastiord nave nof been plottud on he grephy Lor shear losdings, exoupt
for the webs of Figas J and 5. Por tx loadings -¢ r = 350" the theoretionl
resulta of the aeoond treatiznt have beer. listod iu Tolle Gs

The remdts for pure torsion <t ¥ » 150" arec of fntoreat o
they shos stradn alatritutions olosc to the ract and on nagh side of the
loading Weotlonis At $he rocd Sk Sorplon tending atr-dns arc in close
Agrosaert vith the theory, though the aheir atrafns are soelier than
sredioted, ard ars intoxradi bt teduoon thwse of the general ~nd elmentary
Sheariss. On ssoh side of $he londing seotion the shanr straimn of experioent
and the gerwrs]. theory we in very good agreaant, ns oy be seon in
Flgwe L0 nnd L2e Thix is of grest Lpartonce -8 the recorded shanr strein
In the rer spor web Alodivtely Aphorad of the lording actlion (sce ¥ipo0)
f# nbout Mo wenter then s prodisted by the drodt-prths thesy.

The rosults for 1osdings cabinin: torsion and shear exhibit
shapagterintios of both Lne shesr and toraion solutions.

Tha lateral atraining of the pleting wam vaxy mopli, ana i
onalstent «ith the amsuwption thot it Ia suffiolently moell to be drsored.
Trow Antaeal strein ot the dacaurenerd sections gould be phtained quite
sliply fra. the graphs of linexl strains, such se show Ln Figee b to 7,
vy addwanting the nxial dixect strein frx. the mwa of the o fnelined
Sineal wtrsing which hiad Toer ;o nared In orth yonsl directions. ¥Fron
Figke 5 tu T 4t pon Ee acen tnot tie Losurel stradn fn clese da3 ooy, et off
upposite aten to the axd-l dlxent atr i, b oseuwld hoave been oxpected Ty
the olmaon offect, Ithoush tre Tatexed streinine reoains lews than the
Pofmmon ¥ lue, broaalt of the Ao avarse yestr fod of the Jophreoos, 4t
In coraldared $1-% S fronaverat airea o well onostroin i salricdently
Mell to b fenupode

100 Copelapdon
The toab atractar om0 rulng, e elea dy op jesallle,
the asawrgtiona of e -~ ropd Rewy oF ool ol saney It el

Sharwlige, W aadertdn i ordosl Soper ana am sl oAth ol smely
Bpatiod LoanBYors: Ma s fes  Tto thinkrows of 31 thrg prevertad Daskling
“ad the struture rehovel Mnesrly 1th Lovde
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For convenienoe in jrosentastion and use, Argyris and Durme have
given the re it of their theary rs ocrrection atresses $o he superinmposed
m stressss ound by the oorventional engineers'! theoriss of bendir: and
Sorsione AS stress distritutions of the oonventional thearics are statioxlly
sguivalent tc the truc stress distritutions, the ocorrections have no statiosl
resaltarts and heve beon oslled 'self balanoing' or ‘self esutlibrating'
stresnes,

The suthors have developsd their theory fron the conditions for
slaatio eguilibriu: of an infinitesinmlly sull elencnt of nsterisl, The
followving airplifying assugtions hrve bewn nade,

1s  1f 5]l gensrators wers produced they ould weet in n coipen
point oukside {he tube,

2.  Tho direot streoss and strein nomasl $o the gencontors sro xerc.

3« The shape of oross section of the tubé ls meintcined by an
indafanitoly closcly spaced syste: ~f diaphrags rigid in their oun planes
but offering no resistance tc deflootiona out of their planes.

ks The ddaphrags rre all parsilal to the root oroms seatior.

%+«  The nngle bt cun any generntor and tn axis perpendicular to the
disprrag: e 48 a0 mull that its square 4s negliiible curperad to unity sand
its ocosine mmy bs ixritten as unity.

6. At any jolnt the shear stross slorg » genarstor ia sssuned to
havs the sas vslue *a tho pheox atress parells]l and normel to a diaphrsgae

Te The ahear uodulur s agpocinted vith the shear strain parsllel
ta tha direatlon In vhioh the sheet i foredd ty the disphregns to be
sffeotively rigid. The Ureot noddus iz podcirted With the direet strain
tlong generators,

The Cuandizatiol .sslPiion of the theory is that the aross
ssotlonal shope off & tuta {s Kept oonptant, Pron this Lt follows thot the
ovasnt ander loxd of any point on the tube v-r te defired 'y sn axial
wrping displeooent and by the bady rotstion and dlsplscanents of the cross
aection. shape cortsining She point .4thir its ariginal plenes The three
dfsplaoswnts ard the rotetion sppesr sa Yarinbles ir the snalysin snd the
stradne are &ritton alocbrsioally An temie of their derivitives. .a& any
tranaverse dirvot stress in the wlls of & turc 4 sssmmd ta be xero only
ape squilitriu: equation for tix strusses »t x polnt has £ be satisfisde.
The 14 Jor part of the wnalysls is oovocarned, in effsot, Ath tne solution
ar appraxi ate aolution of this opilitrixc eguntlor.

The oristenss of s styess Sgotion, M, 7dr thw tubs 56 napsaxd
<hiah hos the fors. of » funttion, &, of the Aiatapos fra: the tapor point
tLwe & Smrtion, h, of the ddstance sround tre poriister of the root
ross seations By SGEUssing tne ouilibrius: smation in tearms of the
wnknoa stress funation it hoa teor jossitle to split At imtn tr soparate
differentinl equations, one In tcmym of tha jenmtiry of the root oross
seatisn and the Aher ir ters of tis dlstapoc i the $.per polnt. Ihese
“Ave the Sreanwverse and loncitwidn ) vordstiors In slrems.
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e equ 3ion Lnvolvin, toe dat-noe (o the $apar point nne
pecond oxdar darfvetives mxl its solation is not very difficult wuhen the
akin thdcknesses are sither constrat o vyary in » convenient unmex -ith
distenos frar the taper poirt.

The oqustion involvin K tie geawtry of the root aross section is
nenr ~pd differentisl and has © neparate solution dth two arbitrary
oopwtants for saoh .rli in hioh the thickness nnd slope are continuous
funotions. By vonsiderin: the oo patin'lit: of direct strains and shesar
flows nt saon disoontinuity nround ¢ arves ssotion, on equation cen be
fortmd foar sach of theos axrbitrory <onstante. Together wvith the three
squations of staotios for equilibriw: of the foroes in ¢ plane there are
2n + 3 linear stadt-rcous equetions for - tubec vhere n is the nuder
28 «lla. Thase squrtions fove ron-zews solations bwn the deteruinsntsl
squrtion ia sexve In semerdd the daturdnent ]l ecquation i trepsocndentsl
and hes an Infinitc nwber of rocts.

The dirwot struss carxyin, ~bility of the wolls hos been trocted
snnlytioally for onl; wne spoofslo oraer ~ thet of @& sin 1y s;rsetrioal tube
wath comtinuous direct stress oarrdny covers. In thix osse fonwlne are
SSven o the dsterudn:nt-l ojurtfion and for the h function in eroh mll,

ror atilit, n L.ocoliged tune in considurod consistin, of o
rw par of dlomat strosa oarryine roda dlong enar tors conneoted b sheet
of & parel awnr seplatin roterd l. For o 1derlized tube ths aqustion
irvolvin. thes gaawtry of the root orcss sectic: is =), ebrnic instecd of
Al Cerertirl ond there Ia nl ona crbitrsry oonst ont for eion vll. There
are n o+ ) sf.alt poows s ackiona nnd the dcvtentdnantrl equetion wis n
finffe nu der, n ~ 3, . roota. Pep opp ldewldzed tube anving 1ore then
6~ P o s the oot tio fnvolved sould te hevy.

s o0l C@u Y10 Jar g Ader LiEed rowr bk, tube has but
one ot ad e thida 2280 tie teor, JSinds 1tas 58 leat nppliontionm.
Toeavetion] cmpulta far £ im c.ap Nirva baer,  resented An o fory. hioh s
L.edirtel amerdent fuar oa -t

In Jenersl ar Uoresnos for tae Uamot atress oar-ing ability
¢ tw .alla of 8 tabe oy be ade v Lani nin; nae pation of their crosu
segtional arwas to alyoent Sors e siriniern. Yor the onse of » four
boau: tube a rations]l jxoosdure far $.dn hen “een s _cated by Argsris and
Duarne.

—— A - W K o

=80k

AR et

mm T LT v 5 v

»
3




A

" e

r -
*m‘.“

AR} ¥, XX
Theoretiosl Cogagtrtions

The owves of theoretioal strein shown superi poced on the sraphs
of experid:sertal resuits iare omputed socordin: tot

{a) she slsusntery sginoers’ thearies of bendin, nnd torsion,

(b) the theary of ,xTis and Dume for the cam of an equivslent
four boou tube,

(o) the theory of .rgyris and Dame for the oase of n singly

syrzwiriosl tube ith direct strees ocarrying top and bottou
OOvers »

A brief reotwd of the revsults snd prooedurs of ooputation i
given Ln shis Aprendix so that the resder 1wy follov the win nrguwents of
the malysea. In the nooount of the pvosdure sooonding to .rypyTis and
Dane he 1s xei'wred to the appropriste sectians and cquatiora of thelir

"Generr.l Theory of Cylindrioal and Copdcsl Tubos wrder Torsion and Bending
londs®,

Bespntary Swory

The ouryes for strnins by the slawmtsry thoories hrve boon
ohtained o the famala
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“hars the notation s, sae Pige. 3 apd Sb.

r distrnoe fron trper coint

L Asstanos {ror. root to taper point

14 L :‘/ro

A, Jroas sections) rre  of tube a8 xoot
I, 1mimnt, of frertls of tude at root

» Aistenoe sround parl o eter of mection fre. rroort in
gt tha roct aer awotloe
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t ~ell thicinc.e

y voles of ¥y corrsapondirg to s

E,C direo%,; /va sLear, clastiolty; wodull of unturial
8 ep:1icd shesr faroe

3 benddng 1xxwat ot ¢ soction

¥/r shoor lond resisted by direct streus along generator:
Y » 13 = 1/r) shear loal rosistud by shear strosses

T tarsionel oowulds about shuar oentro

c longitudinal dircot stress

i oxponent of slwrr stiwes dun to

<, v:?.::ro:m:& at 8 » 0 if Q passed through

oorconent of shenr stress duc to toarqus T

The oorher angles, shory. in PAigs 3n  ore oconaldured $0 bo -neentrated

as boors shown in Pig. b, In view of tho sUplioity of t'. oxpresalons
and ra the wark wes halved by the single s:ttwtir of crooy --otion, shear
strains were oaloulsted at as 1wny points around thu cros: . .otion as seenod
dosirable (sbout fifty) for mwoth murves £o bs dr-wn.

Equivalent four hoon tube

an oappxaxicmtion to tin nxinl conntreint atrusaes wis unde by
the 1ethod suseatod 4n Jppondix ..2.0. of the  ablishod theory of
Wrryvis ond Dwcoe  In dlsousaing i, the notrtion, fi ure nwbers and
equations rafes 0 Rext of th-4i theory.

e dliannions of cruss seation dilon sre shown in Figedb of
this report .ere sutstituted in equsmtions (220}, (#21) sra (.22) of the
~Ppendix pivine. the follouin: boony sress curresponding to 24g.29;

By = B = 123799, B, = By = 2,005 .

Thtas trons rod the dlommsions of croas seaticn i Shen
sudstituted in equrtion (193) of Yart L. pivin

-~
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srul A% A in {Ak)
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Pros {231), (237) ma (259) the (i) functions ware found tc be

(Bgiy = +5.163  (ig),, = +2.115
(Hg), = ~A.O7 (Bylyy = =1.720
(Holy = wteO7L (x,)“ 42,115
(Mdy, = -5.183 (Hy), = -3.810

Prou (86a), v » uwr, « 1L z;:m The funottonl of (137s)
and (1575), obtsined with the use of ( ond (155t: for vsluca of
ry = 9, 120 and 150 at ssoh atnln-pnwu. orenz seution are

’1 = O,5353 L Py ® 06666 Py " 0.5000
(P e . . ok . . B . B st O . W U e (D B o gy O 2 s (D - m»w.-btcﬁ
p Gy 2 ¢ ¢ o G
oo omes ot e i -t Dt L“n“!‘”-buocujob- s i b3 12 Lad d I

098331 07763 | =0.7158 | «0.5652 | «0.7950 | 0,869 -c:.i'9§91
OHET | 20,2006 | ~Oehb1t | +0.3791 | 0,308 | #0500 | =C.3008
0,523 1 03351 | =0.500% | 40,9727 | ~0.9332 | #0.2085 | <0.1079
0,8139 | ~0.4306 | +0.4306 | «0.1407 | 0.0k | $0,1638 | =0.0,35

Q7500 1 =0e*h?1 | 01511 | =009, | =0, 006 § 2,112 | =0.0120

b-—-u-nn»--l»--—--“—-#

0,5000 | «0,0005 | +0.008 | =0.1477 | #0.171L | 40,1706 | =0.0114
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Voo oomrertion oo g nents ol otreoos wect cxguted Oro (J}bn) and (2360)
and tohen ageciligoscd roddonll, o % stesins o the slewentsy; theorie,

Cgvers oorrn ireat stres:

worrection struares cexre - loo vouna by thoe oetnod Aven An
Part S.t for s singl; srewtricsl trapezoide]l tube, In $048 case the direg
atress in thw aovers &n roneidered, rutl tha spor wbs re trected wy
parel: shorr orrTying. T nate 'r allo spon for the direot streases in
the wobe, tha doo. wrwi s ahoaY irn SL. s 34, of this report, Have been
w0t Aned hy Al 1/+ of enoh ret ‘wea to the ol koent boxg of Plg. i,

B substituking, the dl.smaions »'w.ar ir the . izeMd Ar
eurtlon (WBB), D » k672,500 end esqwtton (1395 ) »i plified to

sin { »,.}
(= 11270608 4 L 35192 o CLR62)  mmmemmntis
¢ ’12)

s ($19.26607 = 1,00407) com (\my) 41 s O

Yolay

I N e
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hiz eqution 88 toaranendentsl sl the Firwt seven roots are

A om0, 0418328, 0,1576L5, 0,°5L259, D.339556
039595, 0557607,

Solutiors ior egartions (A32) to (L93) were then oogputed Sor sach of the
#ix non-sexo voluss of % ond substituted in aquotions (A95), (A%6) and
(A96e) in order to rind » He, ;}Eh ond (Hedqo Zhe H functions
are listed 4in Table 3 forr the .che gr FT 1lly spaoed points soropk
a aover, *he dinension &, shan in tne toble, is nessured 2you ihe

oestre of the oover.

fhe C funoticne wers osloulated ior ecci of tiw vyalues of A
frx: (13578) mnd (1570) nnd are listed 4n Sobles &, 7 and 6 for exsh atrain
MR oXOsE Beotion.

Correction stresses wars o:loulrted tro. squations (136s) and
(1360), or (3192} sod (3198). By taking the first six sigmifioant valoss
af %, the dlstribution of strain arcund the aross seaticns was given by
t vlve tens of s trigonawiric swries, Tnble 7, .4uoh has been inoluded
ne n suple, shows She onloulntior for .ection 4 of the teat Lox vhon a
tarque mod » shear lomd were applicd sepecately st r = 150 {py = 0.83”).
It 411 be soen frou the tatle thot oonveagence is resgonsble for pure torque
but is insdequate for bending. Amther swsults for londing st x = 130
are supariced in Table &,

It hod been hopsd Initially that the terrs wouli hove been
auTioiemtly oonvergent to interpeet the shear lsg eifeoct in bhenuing,
AMditional temtm vould heve been vaguteds jiowever ns the lsbour of
ungutation and tabulstion of vorrections ror tha tube .ith direot atress
SRITFANG oovers wss approxizmtely D00 pun hours, 1t wax deolded, after an
fnepemtior of the theaywtic:l and oxpericonts1 shoar ls. a’feots, thet
it would be unprofitable to spend further tlw ont $his rspect of the
probla: prior to subcdtting, the rejport.
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